Introduction

Abstract
An intensive study of long-term revegetation patterns in Erect Deciduous Shrub Tundra on anthropogenic disturbances was conducted in the summer of 1993 within the abandoned CANOL pipeline corridor. Primary and secondary succession were investigated on vehicle tracks and borrow pits by collecting data on the cover of all vascular and nonvascular species. Significant differences in species composition were evident among disturbance types from nested analyses of variance. Disturbance sites were characterized by lower abundance of woody plants and overall greater species richness than undisturbed areas. Borrow pits, still dominated by pioneer species, were in the preliminary stages of succession. Pioneer species persisted on vehicle tracks in the intermediate succession stages, although some species replacement was evident.
Study Area
Studies on natural revegetation in the Arctic have revealed lower species richness or diversity (Chapin and Shaver, 1981; Ebersole and Webber, 1983; Bishop and Chapin, 1989; Truett and Kertell, 1992) and lower total plant cover (Bliss and Wein, 1972; Bishop and Chapin, 1989; Felix and Raynolds, 1989; Felix et aI., 1992; Emers et aI., 1995) on disturbed sites than on the surrounding undisturbed tundra. Dissimilarity may even be increasing between disturbed and undisturbed tundra as observed in a sedge-shrub tundra community for the first 5 yr following anthropogenic disturbance (Felix et aI., 1992) .
Changes in species composition even 30 to 35 yr after disturbance demonstrated that secondary succession in northern environments is still not complete after several decades (Lawson et aI., 1978; Kershaw, 1984; Ebersole, 1985; Kershaw and Kershaw, 1987) . Ebersole and Webber (1983) expect that the original tundra community will not reestablish on the disturbed site of a test well site in Alaska for several hundred years. At another Alaskan test well, recovery time was estimated at 600 to 800 yr for mesic upland sites (Komarkova, 1983) . With slow recovery of vegetation in arctic environments, longer-term studies are needed to understand primary and secondary succession in tundra plant communities, and to minimize environmental impact from construction in the Low Arctic. Svoboda and Henry (1987) describe the rate of succession in the High Arctic as a measure of biological driving forces and environmental resistances. Bliss and Peterson (1992) developed their ideas for anthropogenic disturbances in the Low Arctic by suggesting that secondary succession is a directional change without species replacement. Species establishment and survival become more important with higher latitudes and harsher environmental conditions (Svoboda and Henry, 1987; Bliss and Peterson, 1992) .
Succession was investigated in this study by comparing plant species composition on different disturbance types associated with the CANOL pipeline corridor in Erect Deciduous Shrub Tundra (EDST) in the Low Arctic. Different types of succession (primary and secondary) were examined on borrow pits and vehicle tracks. Topography and parent material varied throughout the study area. Sites west of the base camp (RMP 222) in the "Valley" section were generally located on eskers or alluvial gravel in lower elevations of the valley. A southwest-facing slope underlain with glacial diamicton dominated the "Slope" section east of RMP 222. Sites from the two sections were separated by 5 km.
Erect Deciduous Shrub Tundra (EDST), the most common plant community type in the study area, dominates the lower elevations within the Tsichu River valley. EDST is dominated by tall (>30 em high) shrubs, with an understory of moss and! or fruticose lichens (Kershaw, 1984) . Of the seven tundra plant communities in the CANOL corridor, EDST suffered the greatest loss of phytomass and had the slowest recovery 35 yr following disturbance (Kershaw, 1990) .
All sampling for this study took place exclusively in the Betula glandulosa-Cladina stellaris-Moss community, one of the three "floristically-defined" plant communities in EDST as recognized by Kershaw (1984) . Betula glandulosa varied from short «50 em) and sparse in the lower elevations in the Valley section, to tall (>2 m) and dense on the Slope section. The understory was a mosaic of fruticose lichens (primarily Cladina stellaris and C. rangiferina) and pleurocarpic mosses (including Aulacomnium palustre, Hylocomnium splendens, Polytrichum spp., and Sphagnum spp.) often occurring in the same area.
Methods
Sites were located in disturbed and undisturbed areas in EDST following interpretation of 1944 aerial photographs (Fig. 2). Sites were 200-m 2 areas within which all sampling occurred. A total of 46 sites in the 15-km-long study area included 14 in borrow pits, 15 in vehicle tracks, and 17 in undisturbed EDST; of which 6, 4, and 7, respectively, were located in the Valley section.
Within each site, 15 random 25 X 25 cm (0.0625-m 2 ) quadrats were used to sample herbaceous and nonvascular plants. Cover was estimated for each plant species to the nearest 5% and to the nearest I% for cover under 10%. Cover of the unvegetated part of the quadrat included bare ground and rock. Additional species found at the site but outside the quadrats were also noted during searches for additional taxa within the site. Nomenclature follows Porsild and Cody (1980) for vascular plants and Vitt et al. (1988) for bryophytes and lichens. A voucher collection was filed at the University of Alberta herbarium (ALTA).
Species richness was determined for different taxonomic groups on a quadrat and site basis (including species found outside the quadrats). Species with an average cover of greater than 10%, or an average frequency greater than I% within each disturbance type were considered "common" on that disturbance type. Frequency was also used to compare species abundance on undisturbed areas, borrow pits, and vehicle tracks.
Univariate nested ANOVAs, performed on Systat (Wilkinson, 1992) , were used to test whether the variation of the following categories was significantly greater among disturbance types than within disturbance types: cover and species richness for different taxonomic groups; the cover of the dominant species, Betula glandulosa; and the cover of other taxonomic groups. A multivariate nested ANOVA was performed on SPSS (Nie, 1993 ) using all the above variables. Tukey tests, also performed on Systat (Wilkinson, 1992) , were used to interpret further the source of variation among the three disturbance types. Despite log-transformation, the variances for several variables 164 / ARCTIC AND ALPINE RESEARCH remained unequal among disturbance types (Cochrans and Bartlett-Box, SPSS, Nie, 1993) .
Results
UNDISTURBED SHRUB TUNDRA
Undisturbed EDST was characterized by a continuous, but sometimes sparse shrub canopy, and a dense nonvascular mat of bryop,hytes and lichens with a combined mean cover of over 100% (Table I ). Species richness, on both a quadrat and a site basis, was highest for woody plants, lichens and bryophytes. Broad-leaved forbs, graminoids, and other plants tEquisetum and Lycopodium spp.) were minor components of undisturbed shrub tundra. Common species included mostly low-growing woody plants, fruticose lichens, and pleurocarpic mosses; but also some taller shrubs, foliose lichens, broad-leaved forbs, and Equisetum spp. (Table 2 ). Undisturbed EDST in the Slope section had greater average cover and species richness for all morphological groups except lichens which had substantially higher values in the Valley section.
BORROW PITS
Most of the sparse total plant cover in borrow pits was composed of lichen and bryophyte species (Table I, Figs. 3, 4) . Woody plants were the most abundant vascular morphological group but still only covered 10% of the pits. Large portions of the quadrats in borrow pits were un vegetated with high covers of bare ground and rock. Borrow pits in the Slope section had higher cover values for all taxonomic groups except bryophytes, and greater species richness except for lichens. The unvegetated component of cover in pits in the Valley section was six times greater than for pits in the slope section. 
VEHICLE TRACKS
Woody plants were almost as abundant on vehicle tracks as in undisturbed areas (Table I) . High species richness of bryophytes and lichens also characterized sites of this disturbance type. Vehicle tracks differed from pits and undisturbed areas by the relative abundance of forbs and graminoids, and high total species richness. Vehicle tracks had numerous common species from all taxonomic groups (Table 2) . Lichens were the only morphological group that was more abundant on vehicle tracks in the Valley section compared to the Slope section.
DIFFERENCES AMONG DISTURBANCE TYPES
Regional variation did not override significant differences in species composition between borrow pits, vehicle tracks, and undisturbed shrub tundra. The greatest value for total plant cover was found in undisturbed sites (Table 3) . However, significantly more species were found in vehicle track sites.
Woody plants were the only morphological group that varied significantly among the three disturbance types in the multivariate ANDVA. The abundance of woody plants decreased from undisturbed areas to vehicle tracks and then borrow pits.
Cover of Betula glandulosa, the dominant woody species, followed the same trend. Forbs and graminoids were most prevalent on vehicle tracks, followed by borrow pits, then undisturbed areas.
Different lichen genera and morphological forms of moss exhibited various responses to disturbance: Cetraria spp., Cladina spp., and pleurocarpic mosses were prevalent in undisturbed sites, while Stereocaulon spp., crustose lichens, and acrocarpic mosses predominated in borrow pits. The combined effect for lichen abundance was an overall insignificant difference among disturbance types. The number of bryophyte species was highest in vehicle tracks.
Vehicle tracks had the most common species (54) of any disturbance type (Table 2) . Also, the number of common species found with the greatest frequency on vehicle tracks (31) was higher than for borrow pits or undisturbed areas. These were mostly forbs and woody species with very few lichens and no Cladonia spp.
Most of the 21 common species with the greatest frequency in undisturbed areas were lichens, bryophytes and woody plants. The following species were common and at least twice as frequent in undisturbed areas as in either type of anthropogenic (Table 4) . Of the 21 common species found more often in borrow pits than in vehicle tracks or undisturbed areas, 17 were at least twice as frequent in pits (Table 2) . Nine other species common on either undisturbed or vehicle track sites were absent from borrow pit sites (Table 4) .
Discussion
Tundra plant community succession is a long process that may still be in the early stages even after almost five decades. A decrease in cover noted for shorter term disturbance studies (Bliss and Wein, 1972; Bishop and Chapin, 1989; Felix et al., 1992; Emers et al., 1995) was still evident in this long-term study. The reduced buried seed supply in the mineral horizons can often limit recovery on disturbed sites (Gartner et al., 1983; Cargill and Chapin, 1987; Ebersole, 1989) . With few buried seeds left in some disturbed soils, a limited seed dispersal has been found to cause low cover and species diversity (Bishop and Chapin, 1989) .
Studies have shown that many species are eliminated with anthropogenic disturbance (Ebersole and Webber, 1983; Ebersole, 1985) . Only nine common species were still absent from CANOL borrow pit sites in the study area after 48 yr, and none were absent from vehicle tracks (Table 4) . With increased time since disturbance, it is likely that more species will return to the disturbed sites, with fewer species completely excluded. From 1978 to 1993, there was a notable increase in total vegetative cover and species richness on all CANOL disturbances of EDST (Harper, 1994) .
Species which invaded disturbed gravel substrates in borrow pits have persisted for several decades; some examples are the eight species that are common on borrow pits and absent in undisturbed EDST (Table 4) . Invasions of species into disturbed areas and increases in cover of individual species were also reported by other studies (Hernandez, 1973; Ebersole, 1985; Kershaw and Kershaw, 1987) .
Early colonizer vascular plant species are usually lightseeded with high dispersal capacities (Lawson et aI., 1978; Cargill and Chapin, 1987) . Examples of woody pioneer species include Salix spp. which are high-turnover species that grow rapidly and produce abundant light seed (Ebersole and Webber, 1983; Cargill and Chapin, 1987; Bliss and Peterson, 1992) . Salix spp. are particularly common on CANOL vehicle tracks ( Table   4 ).
Seeds that disperse into the disturbance from the immediate surrounding area are usually poorly adapted to disturbance con- ditions. Instead, seeds adapted to the disturbance microenvironment generally come from natural disturbances or other minerotrophic areas (Cargill and Chapin , 1987) . The source of these seeds in the CANOL study area may be other disturbance-dependent plant communities on riparian gravel areas, or permafrost-related natural disturbances. Emers et aI. (1995) also observed recolonizing forbs and graminoids that were not found in undisturbed tundra adjacent to highly disturbed areas.
Broad-leaved forbs were more plentiful on both CANOL borrow pits and vehicle tracks than in undisturbed areas in 1993. However, no nitrogen-fixing legumes , often important colonizers in other areas (Viereck, 1966; Cargill and Chapin, 1987; Bishop and Chapin, 1989) , were found on any of the sites (disturbed or undisturbed) with the exception of Astragalus umbellatus that was very rare on vehicle tracks (Harper, 1994) . Borgegard (1990) also observed that the most frequent pioneers on newly abandoned pits were not nitrogen-fixers.
Stereocaulon paschale and several species of Peltigera (including P. aphthosa, P. canina , P. polydactyla, and P. rufescens) are well known as nitrogen-fixers (Hitch and Stewart, 1973; Kershaw, 1978, 1979) . Stereocaulon alpinum, very common on CANOL borrow pits (Harper, 1994) , are covered in cephalodia which usually contain nitrogen-fixing cyanobacteria (Vitt et al., 1988) . On CANOL disturbed surfaces, these species of lichens replace broad-leafed forbs in the role of nitrogen fixation.
Competition for light can contribute to successional development patterns in shrub communities (Bliss and Peterson , 1992) . With a decrease in shrub cover on disturbed sites, increased availability of light would favor the establishment of broad-leaved forbs. Forbs would also have had less competition from mosses on disturbed sites which can out-compete vascular plant s (Bliss and Peterson, 1992) .
A rapid recovery of graminoids on disturbed sites was also observed in other studies (Bliss and Wein, 1972; Chapin and Shaver, 1981) . Poa spp. and Trisetum spicatum. were succes sful colonizing grasses on CANOL and other disturbed tundra sites (Viereck , 1966; Ebersole and Webber, 1983; Ebersole, 1987; Kershaw and Kershaw, 1987) . Carex aquatilis, one of the species found twice as frequently on vehicle tracks than on borrow pits or undisturbed sites, was also prevalent in bulldozed areas and other, usually wet, disturbances (Lawson et al., 1978; Ebersole and Webber, 1983; Ebersole, 1987) . Different revegetation patterns of vascular and nonvascular species illustrate the importance of including all taxonomic groups in succession studies in order to avoid taxonomic bias (described by Cox and Larson , 1993) . Lichens are particularly relevant to long-term revegetation on disturbed sites due to their susceptibility to disturbance and lengthy re-establishment period (Bliss and Wein, 1972; Ebersole, 1987; Felix and Raynolds, 1989) sometimes greater than three decades (Ebersole, 1985; Kershaw , 1984) .
Recovery of lichens is usually reported to be very slow on disturbed sites (Bliss and Wein, 1972; Ebersole, 1985) . However, after 48 yr of natural revegetation on CANOL sites, species such as Stereocaulon spp., some Cladonia spp., saxicolous and crustose lichens, were prevalent on all disturbances, particularly borrow pits in the Slope section . Some of these were also identified by Kershaw and Kershaw (1987) as successful in colonizing borrow pits : Cladonia cariosa, Psoroma hypnorum, and StereocauIon tomentosum. Viereck (1966) reported a mat of Stereocaulon spp. on glacial outwash 30 yr of age.
Bryophytes have also been reported to have slow recovery and high susceptibility to disturbance (Bliss and Wein, 1972; Ebersole, 1985; Felix and Raynolds, 1989) .·Bryophyte cover on CANOL vehicle tracks in 1993 was similar to undisturbed shrub tundra, but borrow pits still had less than a third of the plant cover of undisturbed sites.
Common nonvascular species in EDST that were absent from borrow pits (Table 4) , or those that were at least twice as frequent in undisturbed sites (e.g., Cladina rangiferina, C. stellaris, and Cladonia sulphurina) could be considered sensiti ve to disturbance. With relatively low frequencies in 1993 (Harper, 1994) , cover of these species may only substantially increase in the later stages of succession . Dicranum spp., which were rarely found in CANOL pits (Harper, 1994) , were considered highly sensitive to disturbance by Felix and Raynolds (1989) .
Other good indicator species of undisturbed areas include common woody species in EDST with lower frequency (Table  2) and cover (Harper, 1994) on disturbed sites (e.g., Betula glandulosa, Rubus chamaemorus, and Vaccinium vitis-idaeai. These woody plants may only establish comparable levels of cover on disturbed sites in the later stages of succession. Vaccinium vitisidaea, considered highly sensitive to disturbance by Felix and Raynolds (1989) , was absent from most tracks in one Alaskan (Chapin and Shaver, 1981) , but was present on another Alaskan site 4 yr after disturbance (Ebersole, 1987) .
Other common woody species (Empetrum nigrum, Vaccinium uliginosum, and Salix reticulata) were more frequent on vehicle tracks. However, V. uliginosum and Empetrum nigrum, were absent in other disturbance and primary succession sites (Viereck, 1966; Chapin and Shaver, 1981) , implying that these species are more abundant in the later stages of succession.
SUCCESSION IN LOW ARCTIC SHRUB TUNDRA ECOSYSTEMS
Major differences between revegetation on borrow pits and vehicle tracks even 48 yr following abandonment illustrate the differences between primary and secondary succession in shrub tundra communities.
Forty-eight years of primary succession on CANOL borrow pits in EDST resulted in a fundamentally different plant species composition than the surrounding undisturbed areas. In pits in the Valley section with 75% cover of rock and bare ground, very few shrubs and a sparse cover of Stereocaulon spp., recovery has been very slow; it could take centuries before any substantial change in species composition is observed. Total cover and number of vascular plant species on CANOL pits in the Valley section resembled a gravel site only eight growing seasons following disturbance (2.7% total vascular plant cover and 4.6 speci~s; Bishop and Chapin, 1989) .
Revegetation was proceeding faster on some Slope pits where Stereocaulon spp. had formed a more extensive cover. Differences in revegetation patterns between the two sections reflects the undisturbed vegetation; EDST in the Slope section was more extensive with taller shrubs and a well-developed moss layer. Development of a discontinuous shrub canopy in Slope pits will likely lead to changes in the microenvironment and the establishment of a Cladinal pleurocarpic moss understory within the next century. The development of a dense canopy of Betula glandulosa and an understory mat of Cladina spp. and pleurocarpic mosses may require many centuries. Ebersole and Webber (1983) also found no evidence of the next successional stage in their study of bulldozed mounds 30 yr following disturbance.
One of the more notable differences between borrow pits and vehicle tracks (primary and secondary succession sites) was the complete absence of the organic and other surface soil layers in pits. The preservation or replacement of the surface organic layer is often considered the most important factor in native plant revegetation (Shaver et aI., 1983) . Differences between revegetation in borrow pits and on vehicle tracks in the present study also confirm that compaction, rather than removal of the organic layer, had less detrimental effects.
Vehicle tracks were still in the intermediate stage as re- vealed by the prevalence of pioneer species (e.g. Salix spp. and Stereocaulon spp.). These species have not yet been completely replaced by species characteristic of the undisturbed Betula glandulosa community. A decrease in the cover of bare ground, and an increase in species richness on vehicle tracks provide evidence for greater revegetation in the last 15 yr (Harper, 1994) . During successional development, species establishment and survival, considered more important than species replacement in the High Arctic (Svoboda and Henry, 1987 
Conclusion
Common species not found in each disturbance type (all common species were present in vehicle tracks)
Forty-eight years following abandonment of the CANOL pipeline, total plant cover and the abundance of woody plants were significantly higher in undisturbed shrub tundra than in borrow pits or vehicle tracks. Species richness per site was greater on both types of disturbance. CANOL borrow pits, especially ones in the Valley section, had persistent bare ground and rock, and a sparse shrub canopy. Pioneer species such as Stereocaulon spp. and acrocarpic mosses had established. CANOL vehicle tracks were characterized by the persistence of pioneer species such as Salix spp., and prevalent forbs and graminoids.
This study investigated a later time in the chronosequence of succession than most other studies of disturbance in tundra plant communities. The results provide more evidence that primary and secondary succession, even in the Low Arctic, are very slow processes. Forty-eight years following abandonment of the CANOL pipeline, plant communities on borrow pits and vehicle 
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Common species not present in borrow pit sites Peterson, 1992) , also dominate the earlier successional stages in the Low Arctic. In CANOL borrow pits, species replacement
had not yet been observed by 1993, as illustrated by the persistent bare ground and greater abundance of numerous species in pits in both 1978 and 1993 (Harper 1994) . Although primary succession in the Low Arctic is expected to be a directional change with species replacement (Bliss and Peterson, 1992) , the time scale may be so great for primary succession sites that it may take centuries to observe any trends. Bliss and Peterson (1992) predict that secondary succession with directional change and without species replacement predominates in anthropogenic disturbances in all habitats. However, because of different species composition on CANOL vehicle tracks and undisturbed EDST, species replacement must eventually occur for the re-establishment of the Betula glandulosa community.
The possibility exists that plant communities on CANOL disturbances in the Tsichu River area will never resemble undisturbed EDST. Webber and Ives (1978) have suggested that in some areas, complete recovery of disturbed sites may be impossible since the tundra vegetation is in equilibrium with the past, not the present climate. Other studies have predicted time periods of a few decades (Webber and Ives, 1978) , and several hundred years (Ebersole and Webber, 1983; Komarkova, 1983) for successional development in the Low Arctic. The results from this longer-term study on primary and secondary succession on CANOL disturbances reveals that even after half a century only the preliminary stages of succession are evident. 
